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Abstract 
This paper is revisiting the problem of recombination on locally processed area (contacts, local doping …), based on 
the concept of point recombination rate (pLPA). The newly introduced effective point recombination rate (peff) can be 
easily determined from the effective surface recombination velocity. It also allows predictions and comparisons in 
most of the practical cases. Further analysis allows the separation of the influence of pLPA from the one of the 
transport of the carrier in a transparent way. Due to its simplicity, transparency and accuracy, the model proposed 
here is believed to be more suitable to recent local processing technology than the existing analytical models. 
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1. Introduction 
More and more processes are developed for low cost manufacturing of advanced solar cells (including 
passivated emitter and rear cells (PERC)). They are used as a cost-effective alternative to 
photolithography which requires many process steps. In order to designate the surfaces where these 
processes are applied, we use the name of “locally processed area” (LPA). An accurate modeling and 
characterization of LPA has two main applications: the prediction of the recombination on processed 
surfaces and the comparison of several methods or processes. 
The models used in recent literature are based on the work of Fischer[1]. This led to a pair of 
interdependent parameters: the contact radius (a) and the local surface recombination velocity (S), these 
parameters are usually obtained by fitting. The problem is that usually, a small variation of a induces a 
large variation of the local surface recombination velocity. This pair of parameters is therefore unstable, 
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and not well suited for a comparison of different processes. In addition, this model is often used even 
though one defined boundary condition (emitter on the front) is not fulfilled. 
2. Concept of point recombination rate 
2.1. Local surface recombination 
In most of the models, the LPA is considered as a homogeneous area, which has a defined geometry 
(point, square, line) and a surface recombination velocity (SRV). In principle, the geometrical parameters 
are independent from the SRV. Therefore, the geometrical parameters can be changed without changing 
the local SRV. This type of model is very relevant to photolithography, however it is not the case with 
low cost local processing. 
 
 
Fig. 1. Microscope images of locally processed wafer surfaces: (a) laser chemical process (LCP), (b) ablated dielectric with local Al 
back surface field (Al-BSF), (c) laser-fired contact (LFC) on evaporated Al (these images were copied form (a) [2], (b) [3] and (c) 
[4]). 
In Fig. 1, a selection of locally processed silicon areas realized by different industrially relevant 
methods is presented. On these images, the processes are looking inhomogeneous and they have probably 
a very inhomogeneous local surface recombination velocity. 
Additionally for most of these processes, the SRV is not independent from the geometry of the LPA. 
In Fig. 1 (b) the local Al-BSF formed is very different depending on the opened area, in other words the 
SRV will be different for different contact sizes. It is also the case for laser processes where changing the 
beam shape, the special pulse overlapping or the fluence in order to change shape of the LPA, result 
automatically in a change of the SRV. 
Therefore, current models, based on a homogeneous SRV and the impedance of the SRV from the 
geometrical parameter, are not adapted to LPA processed with the industrially relevant technologies 
currently under development. We think that the concept of point recombination rate (pLPA) and line 
recombination rate are more adapted to LPA. The pLPA corresponds to the integral of the surface 
recombination velocity on the LPA,  
 
   ³ ' 
LPA
dsyxnyxSnp ,,LPALPA ,       (1) 
 
where nLPA is the average excess carrier density on the LPA, Δn is the local excess carrier density and S is 
the local surface recombination velocity. 
Looking at this definition, we could think that the point recombination rate will be determined by 
integration of the local S, which would be very fastidious and would require the use of micro-
(a) (b) (c)
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photoluminescence[5]. Instead, we use macroscopic data to determine pLPA, we will concentrate on the 
statistical behavior of the LPA over large area with many LPA, 
 
jLPA = q NLPA pLPA nLPA,         (2) 
 
where jLPA is the recombination current density on the LPA and NLPA is the LPA surface density. For line 
LPA the same definition can be used. 
2.2. The model 
In order to write mathematically the behavior of the rear of the solar cell, we use the variables listed in 
Table 1. 
Table 1. List of variables for the analytical model 
Variable Unit Parameter 
a cm Radius of a LPA or half line width 
f  Area fraction of LPA 
jLPA A cm-2 Recombination current density on the LPA 
jeff A cm-2 Effective recombination current density on the rear 
jpass A cm-2 Recombination current density on the passivation 
NLPA cm-2 Surface density of LPA 
nLPA cm-3 Average excess carrier density on the LPA  
npass cm-3 Average excess carrier density on the passivation 
pLPA cm3 s-1 Point recombination rate on the LPA 
Rdiff A-1 cm-1 Diffusion resistance between the passivation and the LPA 
rdiff s cm-2 Normalized diffusion resistance 
Seff cm s-1 Effective surface recombination velocity 
Spass cm s-1 Surface recombination velocity on the passivation 
W cm Wafer thickness 
For most of practical cases, the LPA induces high recombination rates. For this reason, the fraction of 
the LPA is reduced to its minimum. Therefore, f << 1 can usually be considered. In addition, we have a 
higher recombination rate on the LPA area compared with the passivated area therefore we have 
npass > neff > nLPA. By definition of Seff [6], 
  > @fnfnqSj pass LPAeffeff 1  , 
passnqSj effeff | .          (4) 
 
jeff can be also written as the addition of the recombination current densities, 
   LPApasseff 1 jjfj  , 
  LPALPALPApasseff 1 npqNnSfqj pass  , 
LPALPALPApasseff npqNnqSj pass | .       (5) 
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By combining Eq. 4 and 5, we obtain, 
 
pass
LPALPALPA
eff Sn
npN
S
pass
| .        (6) 
 
In order to switch from a system with an inhomogeneous recombination current like in the real solar 
cell to the model with homogeneous recombination current jeff, a part of the recombination current needs 
to be transferred from the LPA area to the passivated area, see Fig. 2. 
 
Fig. 2. Schematic of the recombination current profiles over the surface for real LPA and for the model with an effective 
recombination current 
The current density, which needs to be transferred, corresponds to the difference between the local 
recombination current and the effective recombination current. As the diffusion is a linear transport 
driven by the gradient of carrier density, a diffusion resistance (Rdiff) can be derived in order to describe 
the transfer of current between the LPA and the passivation. It follows that an Ohm’s law links the carrier 
density differences between the passivation and the LPA and the current density that need to be 
transferred, 
    > @fjfjRnn   11 passeffdiffLPApass ,   passpasseffdiffLPApass nSSqRnn | ,       (7) 
 
which can be used to find the ratio nLPA / npass, 
 
 passeffdiff
pass
LPA 1 SSqR
n
n | .        (8) 
 
Finally, Seff can be obtained by combining the Eqs. 6 and 7, 
 
pass
LPALPAdiff
LPALPA
eff 1
S
pNqR
pN
S |         (9) 
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As this demonstration is very general, Eq. 9 can be used for point or line shaped LPA. It can be noticed 
that the difference Seff - Spass depends on three variables pLPA, NLPA and Rdiff. pLPA. The point 
recombination rate depends on the LPA process, NLPA the density of LPA and the diffusion resistance 
Rdiff, which depend on the diffusion coefficient and on the geometry of the LPA. The diffusion resistance 
is more difficult to obtain than NLPA. However, it can be calculated for basic contact geometry. 
2.3. Determination of the diffusion resistance 
 
Fig. 3. Normalized diffusion resistance as a function of the normalized contact width, for point (a) and line (b) shaped LPA. 
Normalized diffusion resistance as a function of the fraction of LPA, for point (c) and line (d) shaped LPA, when W >> a. 
The diffusion resistance is the key of the balance between the recombination on the LPA and on the 
passivation. It can be observe as a parameter representing how easy it is for a carrier to diffuse from one 
region to the other. When the diffusion between two regions is easy, they will have very similar carrier 
concentration even if the recombination rates on these regions are very different. However if the diffusion 
between to regions is difficult, then they will behave independently from each other. 
The lateral diffusion of the minority carrier is influenced by the presence of an emitter on the surface 
opposing the LPA. Indeed, in the emitter, there is a high concentration of the carriers that are in minority 
in the bulk. Therefore, their lateral transport is eased by an emitter, and for an emitter without sheet 
resistance (perfect emitter), the concentration of minority carriers is constant at the junction. However 
when there is no emitter, it is the current density that will be constant, as the carriers are homogeneously 
generated. This defined two cases for the boundary conditions for the surface opposing the LPA: 
x Perfect emitter with a homogeneous carrier density,  
x No emitter with a homogeneous current density. 
10-2
10-1
100
101
10-3 10-2 10-1 100
10-1
100
101
0.1 1 10
N
or
m
al
iz
ed
 d
iff
us
io
n 
re
si
st
an
ce
q 
x 
R
di
ff x
 N
 x
 a
 x
 D
n/
p  
--
 r d
iff
 x
 D
n/
p
  Samples w/. emitter
  Samples w/o emitter
(a)
Fraction of LPA 1%
r
diff
 x D
n/p
 ~ 0.206
Fraction of LPA 1%
(b)
Normalized half LPA width - a / W
r
diff
 x D
n/p
 ~ 1.38
W >> a
(c)W >> a
-40%
(d)
Area fraction of LPA [%]
-63%
264   P. Saint-Cast et al. /  Energy Procedia  27 ( 2012 )  259 – 266 
In order to simplify the calculation, the boundary condition on the LPA and on the passivated region is 
homogeneous recombination current density. Even if this simplification could seem to be rough, it is 
usually a relatively accurate compromise [7]. Applying these boundary conditions, the diffusion 
resistance can be simply calculated by solving Laplace equations using the Fourier transformed method. 
In order to simplify the graphic representation of the results, the normalized diffusion resistance 
(rdiff = q Rdiff NLPA a) is introduced. In Fig. 3, the normalized diffusion resistances for line (a) and point (b) 
shaped LPA are given in the cases of a perfect emitter and no emitter. Any real emitter will be between 
these two cases. When the width of the contact is very small compared to the wafer thickness (W >> a) 
the normalized diffusion resistance tends to a constant value. This value is the same for any type of 
emitter; however, it slightly changes with the LPA coverage. In Fig. 3 (c) and (d), rdiff is given as a 
function of the emitter coverage for W >> a. For a variation of two orders of magnitude of the LPA 
fraction rdiff shows a change of 40% and 63% for the point and line shaped contact, respectively. 
Therefore for a narrow range of LPA fraction rdiff is considered as constant. 
The diffusion length has also an influence on Rdiff, if the diffusion length is lower than the distance 
between the LPA, Rdiff decreases. 
3. Determination of the point recombination rate 
3.1. Effective point recombination rate 
For the extraction of the effective point recombination rate (peff), several types of samples might be 
used. The samples can have an emitter on the opposite side to the LPA, it might have no emitter, or it can 
also be processed symmetrically. The sample used should be a well-passivated wafer with a high bulk 
lifetime. We recommend a measurement of the effective carrier lifetime in order to extract Seff. The 
effective point recombination rate is simply defined by, 
 
passLPAeffeff SNpS  .         (9) 
 
For the calculation of peff we recommend to have a variation in the density of contacts. 
 
 
Fig. 4. Effective surface recombination velocity as a function of the LPA density (NLPA), for two different LFC processes. 
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In Fig. 4, the linear relation between Seff and peff can be observed for two different LFC processes. peff 
can be calculated by a simple linear regression. For most of the practical cases, knowing peff is usually 
sufficient within the approximation W >> a (see next section). It can be used for the comparison of 
different processes and to predict Seff. 
3.2. Advanced analysis 
When the wafer thickness is much higher than the radius of the LPA (W >> a), than the normalized 
diffusion resistance rdiff is constant to the variation of the wafer thickness, and it becomes almost 
independent from the density of LPA (see Fig. 3). Therefore, we have 
 
a
r
pp diff1LPA
1
eff |           (11) 
 
where rdiff is considered as constant. 
 
 
Fig. 5. Effective point recombination rate as a function of the contact radius for several PLPA, with rdiff = 6.67×10-2 s cm-2. 
In Fig. 5, the point recombination rate is plotted as a function of the estimated LPA radius for several 
pLPA. The two points from the LFC processes presented in Fig. 4 are also plotted. The radius is an 
approximated radius observed with a microscope. These points are very close to asymptote (pLPA infinite), 
we can therefore conclude that in the experiment performed here the recombinations were mainly limited 
by the diffusion resistance, and it is not possible to determine pLPA with precision. However, a 
recombination radius considering pLPA to be infinite can be obtained, with 100 μm for LFC1 and 40 μm 
for LFC2. 
In the other case, when the experimental points are very far from the asymptote, then the pLPA value is 
very close to the measured peff. However, in this case, the radius of recombination would not be 
determined precisely. This method of analysis allows to evaluate which information is contained in the 
measurement and to extract it. 
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4. Summary 
The model developed here is very general and allows to treat point and line shaped LPA, for samples 
with or without emitter. Additionally the recombinations on the LPA are allowed to be inhomogeneous 
which is much more representative to the reality of LPA. The mathematical expression of the model was 
purified in order to simplify the access to the model. 
Clear and transparent methods were developed for the measurement and the analysis of the LPA 
recombination properties. This method allows the separation of the influence of recombination rate with 
the one of the transport. 
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